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Biogenic monoamines (principally dopamine, serotonin, epinephrine, and norepinephrine in vertebrates; dopamine, serotonin, and octopamine in invertebrates) are a group of neurotransmitters formed from aromatic amino acids that seem to be related in their physiological and behavioral functions. Monoamines are implicated in synaptic modulation in a variety of animals (1-4). Numerous pharmacological studies in vertebrates indirectly but consistently suggest a role for monoamines in attentiveness and behavioral plasticity (5), particularly a role for dopamine in positively reinforced learning (6) . In line with this, some neurophysiological and behavioral experiments suggest an involvement of norepinephrine in experience-dependent changes during a critical period of visual cortical development (7, 8; B. Gordon, J. Moran, P. Trombley, and J. Soyke, personal communication).
In invertebrates, there is specific neurophysiological evidence that serotonin is involved in sensitization and classical conditioning of the siphon-withdrawal reflex in Aplysia (9-11). Serotonin, applied to the relevant synapses in the circuit, can mimic behavioral sensitization, producing facilitation of synaptic transmission in the reflex pathway. The behavioral effect of sensitizing stimuli can be blocked by cinanserine, a moderately specific antagonist of serotonin (9) . Recently, however, this story has been complicated by a failure to find serotonin-like immunoreactivity in identified facilitatory neurons [those of the L29 group (12)], although serotonergic terminals from other cells are found in the relevant synaptic sites (12) .
In both vertebrates and invertebrates, therefore, the evidence linking biogenic monoamines to learning is cumulatively suggestive, but it is in no case unassailable. We deThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. ?1734 solely to indicate this fact. cided to investigate this relation further, using Drosophila mutants.
Wright and his colleagues (13, 14, 15) have isolated two temperature-sensitive mutations in the structural gene for the enzyme dopa decarboxylase, Ddc"sJ and Ddcfs2, as well as a small deficiency that deletes the gene from the chromosome. The temperature-sensitive mutations act slowly, so that a complete curtailment of enzymatic activity requires about a day at the restrictive temperature (29?C) (unpublished observation). Nevertheless, the mutations enabled these investigators to examine the function of the enzyme during development. They found that dopa decarboxylase activity was necessary at several defined times in development for cuticle hardening (16 (22) were affected by the temperatUre at which the flies were raised. Therefore, mutant stocks were always raised and assayed in parallel with groups of wild-type flies; and mutant enzyme levels are normalized relative to co-shifted and identically treated wildtype flies, given as mean percentage ? SEM for 4-12 experiments.
Measurement of Associative Learning. Flies with various Ddc genotypes were tested in two-odor-discrimination tasks, one using negative reinforcement (electric shock), and the other using positive reinforcement (sucrose feeding). Conditions and experimental procedures were exactly as described (23) Training and testing procedures for the two learning assays were similar; we will outline negatively reinforced training first.
Thirty to fifty flies were trained by exposing them alternately to one odorant (3-octanol) paired with a 90 V electric shock and to a control odorant (4-methylcyclohexanol) presented without reinforcement. After two such training cycles, the flies were tested without reinforcement by running them sequentially toward test tubes containing the two odorants. In this situation, normal flies avoided the shock-associated odorant 3-octanol more than the control odorant 4-methylcyclohexanol.
To control for odor bias and other nonassociative effects, we repeated the training and testing procedure with new flies, except that this time the electric shock was paired with 4-methylcyclohexanol. As before, the numerical index of learning we use, A, is the fraction of the population avoiding the shock-associated odor minus the fraction avoiding the control odor, averaged over both halves of an experiment.
Our procedure for training flies with positive reinforcement was similar to the training procedure described above, except that one odor of the pair was presented to hungry flies in association with sucrose, delivered by spreading a 1.0 M sucrose solution in a 1-cm wide band on the surface with the odorant. The flies were then tested without reinforcement by transporting them to the choice point of a T-maze, between arms containing 3-octanol and 4-methylcyclohexanol. In this case, the learning index used, A, is the fraction of the population migrating toward the sucrose-associated odorant minus the fraction migrating toward the control odorant, averaged as before for reciprocal halves of the experiment. Normal flies learned this task about as well as the shock avoidance task, but memory persisted much longer (23).
Learning indices reported here are mean ? SEM for 6-12 experiments. In all instances here, Ddc mutants were trained and tested in parallel with normal flies that had identical temperature-shift histories. The experimenter was ignorant of the genotype being tested.
Other Behavioral Plasticity. Experience-dependent depression of male courtship (26, 27) was measured exactly as described (26) except that we used two females per male rather than one, and the females were mobile rather than etherized. In the conditioning exposure, the 3-day-old male fly to be tested was transferred to a clean cylindrical Plexiglas courtship chamber (6 mm high x 10 mm in diameter) containing two previously mated XX y f females, who tended to reject the male's attempts at courtship. The time the male spent courting (i.e., following a female or vibrating his extended wing) was recorded by an uninformed observer. For testing, the male was shifted, either immediately or 3 hr after courtship, into a new clean courtship chamber that contained two mobile y f XX virgin females, and the fraction of the 10-min period spent courting was again recorded by an observer who was unaware of the male fly's genotype. As a control, male flies of various Ddc genotypes who were naive (i.e., who had not been previously exposed to unreceptive mated females) were tested with virgins females as described above.
Other Behaviors. The flies' fast phototactic responses were measured using the countercurrent method of Benzer (28) Fast geotaxis was measured by the countercurrent procedure as described above, except that the countercurrent machine was kept vertical in a dark room and the flies were fractionated on the basis of their tendency to climb upward.
Flies' responsiveness to sucrose was measured using the proboscis extension reflex (29) . Individual flies were stuck by the wings to tackiwax balls on sticks, with their legs and proboscises free to move. After a 60-mmn acclimation period, flies were given water to satiation. They were then tested by Fig. la) in decreasing order of brain dopa decarboxylase activity. When we tested these genotypes for associative learning (Fig. lb) , we found a strong correlation between brain dopa decarboxylase enzyme activity and both the negatively reinforced (rs = 0.99) and the positively reinforced (rs = 0.99) odor-discrimination tasks (P > 0.01 in both cases).
With two Ddc genotypes, DdctsI/Df and Ddcts2/Ddcis2, learning was temperature sensitive in the same way as dopa decarboxylase enzyme activity. Both positively and negatively reinforced learning were less after 3 days at the high temperature than at permissive temperature for Ddctsl/Df (P < 0.01; P < 0.01) and for Ddcts2/Ddcis2 (P < 0.05; P < 0.05).
To study the effects of these mutations on memory retention, we chose stocks with intermediate amounts of dopa decarboxylase enzyme activity, so that some initial learning would be detectable. Immediately after training, both Df /+ and Ddctsl/+ (25?C) flies showed less learning than wildtype (+/+) flies. Nevertheless, once learned information was acquired by the mutant flies, it appeared to be retained for the normal time span. Memory decay rates of both mutants were indistinguishable from similarly trained Canton-S flies (Fig. 2) .
[In experiments involving positively reinforced training with sucrose, we found that the Ddc mutants required a longer period of prior starvation (22-24 hr) than wild-type flies to show reliable learning and long-term memory. It is as if they had to be made hungrier before they would remember a food We do not know at this point whether only one of the monoamines is important for learning in Drosophila. In peripheral synapses in other arthropods, the most common modulatory transmitter is octopamine (1-3) . We are fairly certain that octopamine is not critically involved in our Drosophila learning, because Ddc mutations, which block learning, leave octopamine synthesis unaltered, and because per' mutations, which produce a partial (65%) block in octopamine synthesis (18), have no effect on learning or memory in our tests (unpublished data). This leaves dopamine and serotonin, the Ddc metabolic products, as prime suspects. In Aplysia, work on the siphon withdrawal response implicates serotonin exclusively among monoamines. In Drosophila, at In vertebrates, most drugs that alter monoamine metabolism also affect learning (as well as other behavioral and emotional states). The interpretation of these experiments is clouded by drug side-effects and possibly by the diversity of monoaminergic (and peptidergic) systems. Moreover, different transmitters may act in series or parallel in a single functionally relevant neural circuit. Consequently, assigning defined behavioral roles to given neurotransmitters is probably simplistic. All this said, one is left in Drosophila with robust phenomenology-a block in a specific monoamine-synthetic enzyme produces a roughly proportional block in associative learning with two different reinforcements, while leaving taxes and stereotyped behavior patterns relatively intact. This suggests a specific neural role for the enzyme's monoamine products in flies, with relatively little effect on other behavior. Clues to this role come from the present findings considered in conjunction with work on other animals.
In the simplest case, a neural analog of classical conditioning in Aplysia, serotonin, can substitute for the unconditional stimulus-the (negative) reinforcement (10). Toward the other end of the evolutionary continuum, in rats, dopamine, in the appropriate tracts and synapses, seems to be necessary for positive reinforcement (6). In Drosophila, at a level of neural complexity between these two animals, either dopamine, serotonin, or both are necessary for learning. Perhaps monoamines are generally involved with reinforcement. Two pieces of behavioral evidence in flies are consistent with this idea. Sucrose has to be made more concentrated (sweeter, as it were) to elicit a feeding response in Ddc mutants. The mutants also have to be made somewhat hungrier before they will learn reliably to respond to sucrose in an associative training situation. If one were forced to assign a simple role to monoamines in animal learning, motivation and reinforcement would come to mind. The specificity and detail of particular reinforced memories in higher organisms, and even in bees and flies, argues that at least some of the action of reinforcement has to be local (i.e., on the individual synapses that are altered). The widespread distribution of monoamines throughout the mammalian cortex is consistent with this idea.
There is another correspondence between Drosophila and Aplysia in the kinetics of learning. Experiments by Schwartz et al. (11) indicate that the decay of behavioral sensitization after an appropriate stimulus closely parallels the decline in cyclic AMP concentration in sensory neurons of the reflex. Furthermore, chemical agents that abbreviate the increase in cyclic AMP also shorten the duration of the behavioral response. The upshot of these experiments is that short-term memory may be increased cyclic AMP levels in the relevant cells in the circuit. Learning kinetics of the Drosophila mutants fit well with this idea. With the mutants dunce and rutabaga, which affect the kinetics of cyclic AMP metabolism (34, 35), the most striking effect is in abbreviation of shortterm memory (refs. 23 and 36; T. P. Tully, personal communication). In contrast, Ddc mutations, which affect a metabolic step well before cyclic AMP stimulation, block the acquisition of a behavioral change with no apparent effect on memory (Fig. 2) . This kinetic parallel between biochemistry and behavior in these two organisms is nice, because what Schwartz et al. (11) measured in Aplysia was memory after sensitization; what we measured in Drosophila was memory after associative learning.
